Background
Introduction
Being overweight (body mass index [BMI] 25.0 to 29.9 kg/m 2 ) is associated with a greater risk of coronary heart disease (CHD) and stroke compared with normal weight, and being obese (BMI 30.0 kg/m 2 ) is associated with a greater risk of CHD and stroke compared with overweight [1] . It is a matter of great concern that these associations point towards a potentially ever-growing public health threat due to the escalating global epidemic of overweight and obesity [2] . It is well-known that people who are overweight or obese tend to have an adverse cardiovascular disease (CVD) risk profile with raised blood pressure, cholesterol, and glucose, and a substantial part of the excess CVD risk of being overweight or obese are mediated by these three risk factors [1] .
During the last decades, it has become evident that it is the excess of adipose tissue, and not muscle tissue, that confers an increased health risk to the overweight and the obese, and that adipose tissue is not just a passive energy-conserving tissue [3] [4] [5] [6] [7] . On the contrary, adipose tissue is a very active tissue that secretes various pro-inflammatory, vasoactive, and metabolic active hormones and cytokines, which collectively have been called adipocytokines or just adipokines [3] [4] [5] [6] [7] . Based on both animal and human studies, it has been proposed that these adipose tissue-derived substances could play a pivotal role in overweight-and obesity-related diseases, such as atherosclerosis, hypertension, and type 2 diabetes, which could eventually lead to overt CVD [3] [4] [5] [6] [7] . Among the various adipocytokines, there has been considerable emphasis on leptin, adiponectin, and interleukin-6 [3] [4] [5] [6] [7] that stimulates production of C-reactive protein (CRP) by the liver [8] . Nevertheless, the results linking adipose tissue-derived factors to overt CVD in humans have been conflicting [4] [5] [6] [7] , and there is still considerable uncertainty as to whether these substances can explain a portion of the residual CVD risk related to being overweight or obese [4] [5] [6] [7] .
Therefore, based on the aforementioned issues, we initiated this study hoping to shed some new light on the putative role of adipocytokines in human CVD, having both CVD pathophysiology and CVD risk markers (on top of an established CVD risk score) in mind. More specifically, we studied the associations of adiponectin, leptin, and the interleukin-6 product CRP (used as a proxy for interleukin-6) with incident CHD and stroke in the Inter99 study [9] . This prospective population-based study is particularly well-suited to investigate the actual impact of adipocytokines on CVD risk, because the Inter99 study, in addition to the traditional CVD risk factors, includes several important potential confounders and mediators of overweightand obesity-related CVD diseases, such as serum insulin, estimates of insulin resistance, a stable measurement of long-term glucose control (HgA1c), and estimated glomerular filtration rate (both adiponectin and leptin are partially biodegraded and/or eliminated by the kidney) [10] [11] [12] [13] [14] .
.
Methods

Study Population
The current study utilized data from the Inter99 study [9, 15] . In brief, Inter99 is a populationbased randomized, non-pharmacological intervention study (CT00289237, ClinicalTrials.gov), designed to investigate the effects of lifestyle interventions for prevention of CVD. The intervention group consisted of 13,016 individuals aged 30-60 years, recruited from the Danish Central Personal Register as an age-and sex-stratified random sample of the population living in 11 municipalities in the former Copenhagen County. A total of 6,784 (52.5%) persons attended the baseline examination, which included a validated self-administered questionnaire, physical examination, and blood tests. Participants were randomized into two groups (A and B) and were all given a lifestyle consultation with personal health advice. Furthermore, participants from group A with high risk of ischemic heart disease (IHD) were offered group-based lifestyle counselling on smoking cessation, increased physical activity, and healthier dietary habits. Details on the study and intervention program, including information on factors determining response to participation, have been described elsewhere [9, 15, 16] . The present study population included 6,502 persons, free of prior CVD, with measurements of either adiponectin, leptin, or CRP. Data were considered observational and analyses were adjusted for study group. The Inter99 study was approved by the local (Copenhagen County) ethical committee (KA 98 155) and was conducted in accordance with the Declaration of Helsinki. All participants gave a written informed consent before taking part of the study.
Main Outcome of Interest: CVD
All residents in Denmark have a unique and permanent personal civil registration number, which allows linkage at an individual level of data from national registers. Information about CVD death was obtained from the Danish Registry of Causes of Death [17] . Information on diseases was obtained from the Danish National Patient Register [18] , which has information on all admissions to Danish hospital since 1978. The included diagnoses were the International Classification of Diseases (ICD) ICD10 and ICD8 diagnoses involving IHD (ICD10: I20-25 and ICD8:410-414) and stroke (ICD10: I60-69 and ICD8: 431, 433-434. and 436). We defined three outcomes: a diagnosis of or death caused by IHD, a diagnosis of or death caused by stroke and a composite outcome, which included all the above-mentioned diagnoses.
Exposure Measurements
The invitation included a validated questionnaire to be completed in advance wherein data about lifestyle, education, working conditions, chronic diseases, use of medication, among others were recorded [9, 15, 16, 19] . Alcohol intake was registered as numbers of standard drinks (12 g alcohol) per week. Leisure time physical activity was categorized as sedentary, moderate activity, regular exercise, and regular hard exercise (the last two categories were merged to high). Based on their dietary habits participants were classified into three groups: healthy, normal, and unhealthy. Smoking habits was recorded as never, former, or current. Height was measured without shoes to the nearest centimeter, weight without shoes and overcoat to the nearest 0.1 kg. BMI was calculated as weight in kilograms divided by height in meters squared. Waist circumference was measured midway between the lower rib margin and the iliac crest to the nearest centimeter [9] . Heart rate (beats/minute) was derived from the electrocardiogram. All participants had their blood pressure measured twice, using a mercury sphygmomanometer (Mercuro 300; Speidel & Keller GmpH & Co, Jungingen, Germany) with appropriate cuff size, after 5 min of rest, in the lying position. If systolic blood pressure was at least 140 mmHg or diastolic blood pressure at least 90 mmHg, the measurements were repeated twice to minimize the 'white-coat' effect with the two lowest values being recorded, and the average of the recorded measurements was used.
Blood Assays
Fasting blood samples were drawn and on a daily basis transferred to the laboratory at Steno Diabetes Center, Gentofte, Denmark. Total cholesterol, high-density lipoprotein (HDL) cholesterol, triglycerides, and plasma glucose were determined by enzymatic techniques (Boehringer Mannheim, Germany). HgA1c was measured using the high-performance liquid chromatography method [9] . Serum insulin was measured with flourimmunoassay technique [9] . Adiponectin, leptin, and CRP were analyzed at Tethys Bioscience (Emeryville, California, USA) using an ultrasensitive molecular counting technology platform (Singulex, St Louis, Missouri, USA) [20] . Reagents were obtained from R&D Systems (Minneapolis, Minnesota, USA) and U.S. Biological (Swampscott, Massachusetts, USA). Biomarker concentrations were calculated as the mean of 3 replicates. Assays had dynamic range of 10 2 -10 3 , intraplate coefficients of variation of 5% or and an average lower limit of detection of 10 pg/mL [20] .
Statistics
We performed all analyses with SAS version 9.3 (SAS Institute, Cary, North Carolina, USA). Data are presented as mean ± SD for normally distributed variables, as the median (5 th to 95 th percentile) for skewed distributed variables, and frequency in percentage for categorical variables. Group comparisons were done with the ANOVA test for normally distributed variables, the chi-square test for categorical variables, and the Kruskal-Wallis test for skewed distributed variables (Table 1) . We performed multivariate Cox regression analyses to determine the associations between baseline circulating concentrations of adiponectin, leptin, and CRP with CVD. In the various models, missing data were handled with the pairwise deletion technique, which involves deleting a case when the case is missing a variable required for a particular analysis, but including the case in analyses for which all required variables are present. Therefore, number of participants varies among models. In model 1, we adjusted for sex, age, and intervention group. In model 2, we added adjustments for the Framingham Risk CVD Score variables (total cholesterol, HDL cholesterol, smoking status, systolic blood pressure, treatment of hypertension, and baseline diabetes) [21] . Model 2 was designed to evaluate the usefulness of adiponectin, leptin, and CRP as CVD risk markers on top of an established risk score program used in clinical practice. In model 3, we further adjusted for BMI, homeostasis model of insulin resistance (HOMA-IR) [22] , and estimated glomerular filtration rate (eGFR) [23] . We present hazard ratios (HR) with 95% confidence intervals (CI) per SD increase in log transformed serum adiponectin, leptin, and CRP concentrations. The log-rank test was used to compare event-free survival across baseline concentrations of adiponectin, leptin, and CRP divided into sex-specific tertiles. We used age as underlying time axis and delayed entry where participants enter the analysis at their baseline age, and they exited the analysis at their event or censoring age. If participants experienced multiple events, only the first event was included. The linearity assumption was checked by adding the term squared and cubed to the model and checking for significance. The proportional hazards assumption was checked visually. The predictive performance of model 2, the Framingham Risk Score model, with and without variables of interest, were summarized using C statistics estimated from logistic regression models and further assessed with Net Reclassification Improvement (NRI) and Integrated Discrimination Improvement (IDI), by means of a SAS macro as proposed by Pencina et al. [24] , using risk cut points of 5% and 15%. Furthermore, we estimated the percentage of excess risk mediated (PERM) for the different risk factors and mediators with the formula: Perm = ((HR confounder adjusted-HR confounder and mediator adjusted) / (HR confounder adjusted -1)) x 100 [25] .
Interactions between variables of interest and sex, age, and BMI were examined, and none was found. All statistical tests were two-sided and the significance level was P<0.05.
Results Table 1 summarizes baseline characteristics of the study population according to the occurrence of the composite outcome during the follow-up period. The 6,502 participants had a mean follow-up time of 11.4 years, equivalent to 74,123 person-years of follow-up. We registered 346 incident cases of IHD (including 118 cases with acute myocardial infarction, the remaining being primarily stable and unstable angina pectoris), 208 incident cases of stroke, and 238 deaths caused by IHD or stroke. Participants, who developed a first CVD event, had a higher baseline prevalence of the traditional CVD risk factors compared with participants without events. With respect to adipocytokines, participants with composite outcomes had higher baseline CRP and lower adiponectin concentrations compared with event-free participants. Because women, on any given measure of obesity, have approximately 2.5-fold higher leptin concentrations compared with men [26] , we performed a sex-stratified analysis that showed that men with events had higher baseline leptin concentrations compared with men without events, whereas this was not the case for women. Table 2 shows HRs with 95%CI for the associations of adiponectin with the various CVD events adjusted models. In univariate model, we found a HR of 0.89 ([95%CI 0.82-0.97], P = 0.010) per one SD increase in baseline adiponectin concentrations for the combined events, but as seen in Table 2 , we found only one significant association in the adjusted models. Accordingly, adiponectin was associated with incident IHD with a HR of 0.89 ([95%CI 0.80-0.99], P = 0.039) in model 1. Table 3 shows HRs with 95%CI for the associations of leptin with the various CVD events in adjusted models. In univariate analysis, we found a HR of 1.02 ([95%CI 0.94-1.10], P = 0.64) per one SD increase in baseline leptin concentrations for the combined event, and even though some associations researched statistical significance in model 1, the associations lost statistical significance in model 2 and 3. Because it could be hypothesized that the leptin-to-adiponectin ratio could serve as a CVD risk index superior to leptin or adiponectin alone, we also studied the associations of this ratio with the various CVD events, as depicted in Table 4 . However, no statistical significant associations were found between the leptin-to-adiponectin ratio and CVD in model 2 and 3. Furthermore, normalization of adiponectin and leptin to BMI did not produce significant results either in model 2 and 3 (P>0.55) (data not shown). Table 5 displays HRs with 95%CI for the associations of CRP with the various CVD events in adjusted models. In univariate model, we found a HR of 1.32 ([95%CI 1.21-1.44], P<0.001) per one SD increase in baseline CRP concentrations for the combined event, and the HRs in model 1 for all 3 outcomes were basically similar to the aforementioned univariate HR. Furthermore, although the strength of the associations between CRP and the 3 events were attenuated in model 2 and 3, they were still statistically significant. Furthermore, with respect to CRP and CVD, Fig 1 displays Kaplan-Meier plot for baseline CRP concentrations in sex-specific tertiles plotted against event-free survival time. Cut points for CRP tertiles for men were less than 0.49 mg/L (median = 0.27), between 0.49 mg/L and 1.37 mg/L (median = 0.82) and above 1.37 mg/L (median = 2.64). For women the corresponding figures were less than 0.55 mg/L (median = 0.28), between 0.55 mg/L and 1.68 mg/L (median = 0.96) and above 1.68 mg/L (median = 3.53). The curves start to separate before the age of 60 with those participants in the highest CRP tertile having the worst outcome.
If we added CRP to model 2, C statistics increased from 0.697 to 0.701 though the change was not significant (P = 0.26). However, we saw a small, but statistically significant, improvement in reclassification with NRI of 0.039 (P = 0.012) and IDI of 0.003 (P<0.001). Finally, no effect modification by sex was observed for the associations of adiponectin, leptin, and CRP (P for interaction = 0.10, 0.32, and 0.99, respectively) with incident CVD in any of the fully adjusted models.
Supplemental Analyses
Since it is presence of low-grade chronic inflammation that has been hypothesized to be involved in the pathophysiology of CVD [8] , we excluded 182 participants with CRP more than 10 mg/L (indicative of ongoing subclinical or clinical infectious or inflammatory illness) without observing any change in the associations. Additionally, because smoking causes a lowgrade inflammatory state, associated with higher CRP (in our study: median 1.1 mg/L vs. 0.8 mg/L, P<0.001) and lower BMI (in our study: mean 25.1 kg/m 2 vs 25.7 kg/m 2 , P<0.001) [8] , we repeated the analyses excluding all smokers. Among 3781 non-smokers, 266 combined CVD events occurred, and in the non-smoking population CRP was still associated with CVD in the fully adjusted model 3 (HR with 95%CI: 1.18 [1.02-1.37], P = 0.025). In this context, it is worthy of note that higher BMI was also (as expected) associated with higher CRP [8] Because cholesterol-lowering drugs could have anti-inflammatory effects [8] , we repeated all the analyses after excluding 60 participants, who were on statin treatment, and again the results were unchanged.
In model 3, when we replaced HOMA-IR with HbA1c, as a measure of the average plasma glucose concentration over a prolonged period, we obtained similar results.
Finally, because the focus of this paper was metabolic mediators of the effects of overweight and obesity on CHD and stroke, we calculated HRs with 95%CI per 5 kg/m 2 higher BMI adjusted for sex and age and with further adjustments for different combinations of possible mediators in CHD and stroke. The results of these calculations are shown in Fig 2. Among the traditional overweight-and obesity-related CVD risk factors (Fig 2A) , systolic blood pressure decreased BMI-associated risk the most (PERM = 51% [95%CI 36-81]), and with addition of cholesterol and fasting glucose to systolic blood pressure the BMI-associated risk decreased further (PERM = 66% [95%CI 47-100]). Among the adipose tissue-derived substances (Fig 2B) , adiponectin (PERM = 9% [95%CI 0-20]) and leptin (PERM = 19% [95%CI 2-52]) had some effect on the BMI-associated risk, whereas CRP decreased the BMI-associated CVD risk substantially (PERM = 43% [95%CI 29-72]). Additionally, in a final model (Fig 2C) including sex, age, fasting glucose, total cholesterol, systolic blood pressure, and further separate adjustments for adiponectin, leptin, and CRP, addition of CRP eliminated the BMI-associated CVD risk (PERM = 100% [95%CI 45-100]), whereas adiponectin and leptin had basically no effect.
Discussion
The principal findings of this study are that neither adiponectin nor leptin were useful markers for increased CVD risk in Inter99, raising questions over their role in CVD. In contrast, the interleukin-6 product CRP may be a useful marker for increased CVD risk, and conditions leading to higher CRP concentrations (in the low-grade inflammation range) may play a role in the pathophysiology of CVD. In addition, the present study suggests, as seen in Fig 2C, that a substantial part of the increased CVD risk associated with overweight and obesity may be attributed to four factors: higher blood pressure, glucose, cholesterol, and interleukin-6-related pathways.
A causal role of adiponectin in CVD is controversial [4] [5] [6] [7] . Numerous animal studies have reported that adiponectin has anti-inflammatory, antiatherogenic, antihypertensive, and antidiabetic/insulin-sensitizing properties [3] [4] [5] [6] [7] 27, 28] , and because overweight and obese persons have lower circulating adiponectin concentrations compared with normal weight persons [3] [4] [5] [6] [7] , it has been proposed that a low amount of adiponectin may play a significant role in overweight-and obesity-related CVD [3] [4] [5] [6] [7] . However, numerous epidemiological studies, as summarized in three recently published independent meta-analyses [29] [30] [31] , have not found any real evidence to suggest that lower circulating adiponectin concentrations are related to an increased risk for CHD or stroke. In this perspective, our results are in agreement with the medical literature.
A casual role of leptin in CHD and stroke is not clear [32] , although animal studies in particular have related adverse CV properties to leptin [3] [4] [5] [6] [7] . Data relating leptin to CVD has been inconsistent, and the positive association reported have been largely dependent on BMI [32] . Nevertheless, a recently published systematic review and meta-analysis, comprising of eight original articles with a total of 21,064 participants and 2,053 CHD events [33] reported a positive association between leptin and incident CHD after adjustment for age, sex, lipids, blood pressure, and BMI, although the association did not quite reach statistical significance [33] . In contrast, a recent update from the Jackson Heart Study, which was not included in the systematic review and meta-analysis [33] , reported that, among 4,571 Jackson Heart Study participants, followed for an average of 6.2 years, with occurrence of 98 incident CHD and 87 incident ischemic stroke events, leptin was not associated with incident CHD or incident stroke [34] , So, at first glance based on the available evidence, including our data, leptin does not seem to be an independent predictor CVD. Nonetheless, in the context of leptin and CVD, the possibility of over-adjustment bias needs to be briefly discussed [35] . Over-adjustment bias is defined as control for an intermediate variable on a causal path from exposure to outcome [35] . In the Inter99 study, we have previously found that leptin, but not adiponectin or CRP, may play a mediating role in overweight-induced hypertension [36] . Therefore, adjustment for blood pressure could be considered an over-adjustment bias when relating leptin to CVD risk. However, as seen in Fig 2B, leptin did not decrease the BMI-associated CVD risk much, so again overall our study does not provide evidence that leptin plays an important role, in human CVD.
Of the adipose tissue-derived substances studied (directly or indirectly), the interleukin-6 product CRP was the only substance that was consistently significantly associated with outcome in all models. Although interleukin-6 can originate from many different tissues [8] , it has been estimated that 30% of total circulating concentrations of interleukin-6 originates from adipose tissue in healthy persons [37] . Our data indirectly suggests that interleukin-6 originating from fat tissue may play a role in overweight-and obesity-related CVD, because CRP decreased the BMI-associated CVD risk markedly [38] , and because it is well known that CRP itself is only a marker not a cause of CVD [39] . In the context of CRP and CVD, it is worthy of note that CRP predicted risk after adjustments for traditional and metabolic risk factor, including estimates of insulin resistance and HgA1c, and that CRP also predicted CVD in the nonsmoking part of Inter99. Nevertheless, CRP did not change C-statistics, and although CRP did change NRI and IDI, the changes were small, less than 5% for NRI. Therefore, the usefulness of CRP as a risk marker in Inter99 was overall limited.
Strengths and limitations
The main strengths of our study include its longitudinal population-based design, a relatively large number of randomly selected participants, and especially the availability of comprehensive data for multivariable adjustment for confounding factors. Thus, based on the PubMed database, only one other study was found which related adiponectin and leptin to incident CVD after adjustment for creatinine clearance [40] . Furthermore, the long-term follow-up, and the use of standardized registry-based diagnosis, which allows very high percentage of follow-up, are worth mentioning.
The limitations of the study include single measurements of biomarkers and the low initial participation rate of 52.5%, raising the possibility of recruitment bias. Toft et al. have extensively dealt with this topic, and they found that unhealthy lifestyle, bad health, and perceived susceptibility to disease among others were important mediators of participation in the Inter99 study [16] . We, therefore, suspect that the participants in Inter99 were unhealthier than non-participants, potentially biasing our results. We also have to admit that the results from our study population, aged 30 to 60 years, with a mean BMI of 26.3 ±4.6 kg/m2, may not be extrapolated to younger and older age groups with different prevalence of overweight and obesity. We also have to acknowledge that performing an observational cohort study within a randomized lifestyle intervention study, is a limitation, although we corrected for the intervention in our multivariable models. Nevertheless, this limitation appears to be minor, because the intervention in Inter99 did not translate into a lower risk of CVD [15] Inter99, showing the risk predicting value of these traditional CVD risk factors in Inter99. Furthermore, it is worthy of note that we measured adipocytokine concentrations and not adipocytokine bioactivity, which may be relevant in a pathophysiological perspective. Finally, we feel the need to emphasize that this study was observational, and hence, causality cannot be established.
Conclusion
Overall, the present study did not find evidence to suggest that adiponectin and leptin are useful biomarkers for increased CVD risk, and thus raises questions over their role in CVD. In contrast, the present study showed that CRP predict CVD risk independent of the Framingham Risk Score variables, and in a pathophysiological perspective, our results indicate indirectly that interleukin-6-related pathways may play a role in overweight-and obesity related CVD [41] .
